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ABSTRACT 

T h i s  paper  r e v i e w s  t h e  a u t h o r ' s  r e s e a r c h  o f  t h e  adhes ion ,  f r i c t i o n ,  
and m ic romechan ica l  p r o p e r t i e s  o f  m a t e r i a l s  and p r e s e n t s  examples o f  t h e  
r e s u l t s .  The ce ramic  and m e t a l l i c  m a t e r i a l s  s t u d i e d  i n c l u d e  s i l i c o n  c a r -  
b i d e ,  aluminum o x i d e ,  and i ron -base  amorphous a l l o y s .  The d e s i g n  and opera-  
t i o n  o f  a t o r s i o n  ba lance  adapted  fo r  s t u d y  o f  adhes ion  from t h e  Cavend ish  
ba lance  a r e  d i s c u s s e d  f irst. The p u l l - o f f  f o r c e  ( a d h e s i o n )  and shear  f o r c e  
( f r i c t i o n )  r e q u i r e d  t o  b r e a k  t h e  i n t e r f a c i a l  j u n c t i o n s  between c o n t a c t i n g  
s u r f a c e s  o f  t h e  m a t e r i a l s  were examined a t  v a r i o u s  tempera tu res  i n  a vacuum. 
The su r face  c h e m i s t r y  o f  t h e  m a t e r i a l s  was ana lyzed  by  x - ray  p h o t o e l e c t r o n  
s p e c t r o s c o p y .  P r o p e r t i e s  and e n v i r o n m e n t a l  c o n d i t i o n s  o f  t h e  s u r f a c e  
r e g i o n s  wh ich  a f f e c t  adhes ion  and f r i c t i o n  - such a s  s u r f a c e  s e g r e g a t i o n ,  
c o m p o s i t i o n ,  c r y s t a l  s t r u c t u r e ,  s u r f a c e  c h e m i s t r y ,  and tempera tu re  were 
a l s o  s t u d i e d .  

INTRODUCTION 

Adhes ion  i s  an i n t e g r a l  p a r t  o f  d i v e r s e  t e c h n o l o g i e s ,  such as t h o s e  
i n v o l v e d  w i t h  f r i c t i o n  and wear, c r a c k  f o r m a t i o n  i n  ce ramics ,  t h e  s t r u c -  
t u r a l  pe r fo rmance  of  ceramic  compos i te  m a t e r i a l s  and ceramic  c o a t i n g s ,  and 
t h e  i n t e g r i t y  and packag ing  o f  t h i n - f i l m  d e v i c e s  l i k e  i n t e g r a t e d  c i r c u i t s .  

D e s p i t e  t h e  w idespread c h a r a c t e r  o f  adhes ion  phenomena, t h e  d e t a i l e d  
mechanisms o f  t h e  b a s i c  adhes ion  of ce ramic  m a t e r i a l s  a r e  n o t  w e l l  under -  
s t o o d  and a r e ,  f o r  t h e  most p a r t ,  unknown 11-73. A number o f  t h e  sur face  
and b u l k  p r o p e r t i e s  o f  ce ramics  a f f e c t  t h e  n a t u r e  and magn i tude o f  t h e  
i n t e r f a c i a l  bond f o r c e s  t h a t  deve lop  between these  m a t e r i a l s .  S u r f a c e  prop-  
e r t i e s  i n c l u d e  e l e c t r o n i c  s u r f a c e  s t a t e s ,  i o n i c  spec ies  p r e s e n t  a t  t h e  su r -  
f a c e ,  chemica l  s t r u c t u r e  o f  t h e  c o n t a c t i n g  m a t e r i a l s ,  and t h e  presence or 
absence o f  s u r f a c e  con taminan ts .  Bulk p r o p e r t i e s  i n c l u d e  c r y s t a l l o g r a p h y ,  
c o h e s i v e  or  l a t t i c e  e n e r g i e s ,  d u c t i l i t y  or b r i t t l e n e s s ,  and t h e  presence or 
absence o f  d e f e c t s  12-71. B a s i c  q u e s t i o n s  rema in  unanswered: Where does 
an i n t e r f a c e  f a i l ,  and how does t h i s  depend on t h e  chemica l  s t r u c t u r e ,  
mechan ica l  b e h a v i o r ,  and s t r e s s  l e v e l s  w i t h i n  the i n t e r f a c e ?  How does the 
a d h e s i v e  f o r c e  depend on t h e  i n t e r f a c i a l  s e p a r a t i o n ?  The adhes ive  p r o p e r -  
t i e s  of  ce ramics  have been s t u d i e d ,  b u t  more fundamenta l  r e s e a r c h  i s  needed 
on  t h e  n a t u r e  o f  adhes ive  f o r c e s  and t h e  modes o f  j u n c t i o n  r u p t u r e  C81. 

When two s o l i d s  a r e  b r o u g h t  i n t o  c o n t a c t  and adhes ion  o c c u r s ,  t h e r e  a r e  
a v a r i e t y  o f  methods wh ich  can be employed t o  q u a n t i f y  t h e  bond ing  f o r c e s .  
Some i n v o l v e  t e n s i l e  p u l l i n g  on  t h e  i n t e r f a c e .  The s t r e n g t h  o f  adhes ion  i s  
u s u a l l y  exp ressed  as t h e  f o r c e  needed t o  p u l l  t h e  s u r f a c e s  a p a r t :  t h a t  i s ,  
t h e  p u l l - o f f  f o r c e  181. O t h e r  methods, such as f r i c t i o n  f o r c e  measurements, 
a r e  based on  t a n g e n t i a l  s h e a r i n g  o f  t h e  j u n c t i o n  11,21. 

F i r s t  t h i s  paper r e v i e w s  t h e  new ly  deve loped t o r s i o n a l  ba lance  adapted  
f o r  p u l l - o f f  f o r c e  measurements f r o m  t h e  Cavend ish  ba lance  and second com- 
pa res  t h e  r e s u l t s  o b t a i n e d  b y  t h e  two methods o f  q u a n t i f y i n g  t h e  bond ing  
f o r c e  ( i . e . ,  p u l l - o f f  f o r c e  and f r i c t i o n  f o r c e  measurements).  S i l i c o n  
c a r b i d e ,  aluminum o x i d e .  and i r o n - b a s e  amorphous a l l o y s  a r e  examined as 
examples.  The s i l i c o n  c a r b i d e  i s  examined i n  c o n t a c t  w i t h  i t s e l f  a t  temper- 
a t u r e s  from room tempera tu re  t o  900 O C  i n  vacuum. 
s t u d i e d  i n  c o n t a c t  w i t h  t h e  i ron -base  amorphous a l l o y s  a t  t empera tu res  from 
room t e m p e r a t u r e  t o  700 O C  i n  vacuum. 
e s t a b l i s h  s u r f a c e  s t a t e s  and t h e  i n f l u e n c e  o f  s u r f a c e  c h e m i s t r y .  

The aluminum o x i d e  i s  

S u r f a c e  c h a r a c t e r i z a t i o n  i s  used t o  
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ORIGINAL PAGE IS 
OF POOR QUALtTY 

ADHESION AND FRICTION DEVICE 

The adhesion and friction devices used in this study were mounted in 
an ultrahigh vacuum system (Fig. 1 )  that contained an x-ray photoelectron 
spectroscopy ( X P S )  spectrometer. The mechanism for measuring adhesion and 
friction was basically a pin on a flat configuration, as shown schematically 
in Fig. 1 .  

Pull-Off Force 

adapted from the principle of the Cavendish balance used to measure gravi- 
tational forces in 1798 191. The adapted torsion balance consists of a 
solid, A ,  and a displacement sensor, such as an electromechanical trans- 
ducer, mounted at opposite ends of a horizontal arm which is supported at 
its center by a vertical wire, such as a single-strand music wire (Fig. 2 ) .  
Another solid, B, is moved horizontally toward A ,  presses against i t ,  and 
twlsts the wire through a small angle with a normal force, the normal load- 
ing process, thereby moving the sensor. The solid B is then gradually 
moved horizontally backward until the two solids are pulled apart in a nor- 
mal direction, the unloading process. If the force of adhesion between the 
two solids is zero, A separates from B at its original position and 
untwists the wire, thereby moving the sensor back to its original position. 
If an adhesive force between the two solids is present, the force twists 

The adhesion measuring device used in this study was a torsion balance 

‘ W !  

Figure 1. - Apparatus for measuring adhesion and friction in ultrahigh vacuum 
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t h e  w i r e  as B moves backward u n t i l  t h e  w i r e  deve lops  s u f f i c i e n t  f o r c e  t o  
separa te  t h e  s u r f a c e s  o f  A and B i n  t h e  normal d i r e c t i o n .  

I n  t h i s  system, t h e  a t t 6 a c t i v e  f o r c e  o f  adhes ion  and t h e  f o r c e  r e q u i r e d  
t o  p u l l  t h e  s u r f a c e s  o f  two s o l i d s  a p a r t  ( t h e  p u l l - o f f  f o r c e )  a c t  a l o n g  a 
h o r i z o n t a l  d i r e c t i o n  and a r e  n o t  a f f e c t e d  b y  g r a v i t y  and buoyancy. The a x i s  
o f  w e i g h t  and buoyancy o f  a l l  t h e  components ( such  as t h e  arm, sensor ,  and 
w i r e )  i s  d i f f e r e n t  from t h a t  o f  t h e  p u l l - o f f  m i c r o f o r c e  to  be measured and 
i s  i n  t h e  v e r t i c a l  d i r e c t i o n  because o f  g r a v i t y .  T h e r e f o r e ,  t h e  s i z e  and 
w e i g h t  o f  specimens have a l m o s t  no e f f e c t  on  t h e  accu racy  o f  measur ing  p u l l -  
o f f  f o r c e s .  

S i n c e  t h e  p u l l - o f f  f o r c e  i s  measured b y  t h e  t o r s i o n a l  moment a c t i n g  on 
t h e  t o r s i o n  w i r e ,  t h e  f o r c e  can be c a l i b r a t e d  i n  t h r e e  ways: ( 1 )  by c a l c u -  
l a t i o n  from t h e  g e o m e t r i c  shape of t h e  t o r s i o n  w i r e  such as i t s  l e n g t h  and 
a r e a  o f  s e c t i o n ,  ( 2 )  by c a l c u l a t i o n  w i t h  measured v a l u e s  o f  n a t u r a l  p e r i o d s  
o f  harmon ic  mo t ions  o f  t h e  arm when t h e  arm i s  f r e e l y  o s c i l l a t e d ,  and ( 3 )  by 
d i r e c t  compar ison  o f  m i c r o f o r c e  t o  s t a n d a r d  w e i g h t  when t h e  arm and t o r s i o n  
w i r e  a r e  h e l d  h o r i z o n t a l l y .  The v a l u e s  o f  p u l l - o f f  f o r c e  de te rm ined  by  a l l  
t h r e e  methods o f  c a l i b r a t i o n  were n e a r l y  t h e  same [ l o ] .  

i n g  to  t h e  s o l i d  A i n  F i g .  2 )  was mounted on  one end o f  a movable arm. A 
f t e e - m o v i n g ,  rod-shaped magne t i c  c o r e  was mounted on  t h e  o t h e r  end o f  t h e  
arm. The c o i l s  o f  a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r  (LVDT) were 
mounted on  a s t a t i o n a r y  arm. There was no  p h y s i c a l  c o n t a c t  between t h e  mov- 
a b l e  magne t i c  c o r e  and t h e  c o i l  s t r u c t u r e .  The movable arm was suppor ted  
by  a s i n g l e  s t r a n d  o f  mus ic  w i r e  a c t i n g  as a t o r s i o n  s p r i n g .  The f l a t  spec- 
imen ( c o r r e s p o n d i n g  t o  t h e  s o l i d  B i n  F i g .  2 )  was mounted on a specimen 
h o l d e r  a t t a c h e d  t o  a m a n i p u l a t o r ,  wh ich  a l l o w s  e l e c t r o n  beam specimen hea t -  
i n g  i n  a vacuum. 

Fo r  t h e  a c t u a l  ba lance  shown i n  F i g .  1 ,  t h e  p i n  specimen (co r respond-  

I ,-WIRE 

8' SOLID A i 

Figure 2. - Schematic diagram of torsion balance 
adapted from Cavendish balance. 
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F r i c t i o n  Force  

S t r a i n  gages were used t o  measure l oads  and f r i c t i o n  f o r c e s  ( F i g .  1 ) .  
A man ipu la to r -moun ted  beam was p r o j e c t e d  i n t o  t h e  vacuum system. The beam 
c o n t a i n e d  two p a i r s  o f  f l a t s  assembled normal to each o t h e r  w i t h  s t r a i n  
gages mounted t h e r e o n .  I n  each p a i r ,  t h e  f l a t s  were p a r a l l e l  t o  each 
o t h e r .  The end o f  t h e  beam c o n t a i n e d  t h e  p i n  specimen. A s  t h e  f l a t  s p e c i -  
men mounted on  t h e  o t h e r  m a n i p u l a t o r  ( t h e  same f l a t  specimen used i n  t h e  
adhes ion  e x p e r i m e n t s )  was moved toward  t h e  p i n  specimen, a l o a d  was a p p l t e d .  
The l o a d  was measured b y  s t r a i n  gages mounted on t h e  p a i r  o f  f l a t s  ( F i g .  1 ) .  
Under an a p p l i e d  l o a d ,  t h e  f r i c t i o n  f o r c e  was measured d u r i n g  v e r t i c a l  
t r a n s l a t i o n  by  s t r a i n  gages mounted normal to  those  measur ing  l o a d .  The 
f l a t  specimen was s l i d  v e r t i c a l l y  by moving t h e  mic rometer -head-screw o f  
t h e  m a n i p u l a t o r .  

EXPERIMENTAL PROCEDURES 
Mate r  i a 1 s 

S i l i c o n  c a r b i d e .  - The s i n g l e - c r y s t a l  a-Sic f l a t  p l a t e l e t s  were a 

The s i n t e r e d  p o l y c r y s t a l l i n e  a-Sic used i n  t h e  exper imen ts  was a 98.5 

Aluminum o x i d e .  - The s p h e r i c a l  r i d e r s  t h a t  were made t o  s l i d e  on t h e  

99.9 p e r c e n t  pu re  compound o f  s i l i c o n  and carbon.  
a l l e l  to  t h e  i n t e r f a c e .  

t o  98.7 p e r c e n t  p u r e  compound o f  s i l i c o n  and carbon.  
t e r e d  p o l y c r y s t a l l i n e  p i n  specimen was 1.6 mm. 

amorphous a l l o y s  were s i n g l e - c r y s t a l  a luminum o x i d e  ( s a p p h i r e )  spheres ,  
3 . 2  mm i n  d i a m e t e r .  

81Fe-13.58-3.5Si-2C, 40Fe-38Ni-4Mo-188) were examined i n  t h i s  i n v e s t i g a -  
t i o n .  
c o n d i t i o n s .  

The basa l  p l a n e  was p a r -  

The r a d i u s  o f  t h e  s i n -  

Amorphous a l l o y s .  - Three amorphous a l l o y  (67Fe-18C0-14B-lSi, 

The a l l o y s  were f o i l s ,  30  to  33 pm t h i c k  and were used i n  t h e  as -cas t  

P rocedures  

Fo r  SiC-to-Sic c o n t a c t ,  t h e  c o n t a c t i n g  s u r f a c e s  o f  t h e  p i n  and f l a t  
specimens were p o l i s h e d  w i t h  diamond powder 1 pm i n  d i a m e t e r  and t h e n  w i t h  
aluminum o x i d e  powder 1 pm i n  d i a m e t e r .  A l l  t h e  specimens i n  t h i s  i n v e s t i -  
g a t i o n  were r i n s e d  w i t h  h i g h - p u r i t y  e t h a n o l  b e f o r e  t h e  exper imen ts .  The 
f l a t  specimen was mounted on  a specimen h o l d e r  w i t h  an e l e c t r o n  beam h e a t e r  
assembled i n  a m a n i p u l a t o r .  The e l e c t r o n  beam h e a t e r  c o u l d  r a i s e  t h e  tem- 
p e r a t u r e  o f  t h e  f l a t  specimen to  1200 OC. 
a t y p e  K ( N i - C r / N i - A l )  t he rmocoup le  i n  c o n t a c t  w i t h  t h e  f l a t  specimen. The 
p i n  and f l a t  specimens were p l a c e d  i n  a vacuum chamber, and t h e  sys tem was 
evacua ted  and baked o u t  t o  a c h i e v e  a p r e s s u r e  o f  30 nPa. Then t h e  hemi- 
s p h e r i c a l ,  s i n t e r e d  p o l y c r y s t a l l i n e  s i l i c o n  c a r b i d e  p i n  specimens were i o n -  
s p u t t e r  e t c h e d  w i t h  a 3000-eV beam a t  25-mA c u r r e n t  w i t h  an a rgon  p r e s s u r e  
o f  0.7 mPa. The i o n  beam was c o n t i n u o u s l y  r a s t e r e d  o v e r  t h e  specimen s u r -  
f a c e .  A f t e r  s p u t t e r  e t c h i n g ,  t h e  system was reevacua ted  t o  a p r e s s u r e  o f  
30 nPa or l o w e r .  Then i n  s i t u  p u l l - o f f  f o r c e  (adhes ion )  and f r i c t i o n  f o r c e  
measurements were conduc ted  w i t h  t h e  i o n - s p u t t e r - c l e a n e d  h e m i s p h e r i c a l  s i n -  
t e r e d  p o l y c r y s t a l l i n e  s i l i c o n  c a r b i d e  p i n  specimens i n  c o n t a c t  w i t h  t h e  
a s - r e c e i v e d  and e lec t ron-beam-heated  s i n g l e - c r y s t a l  s i l i c o n  c a r b i d e  f l a t  
specimens i n  u l t r a h i g h  vacuum. 

r i n s e d  w i t h  h i g h - p u r i t y  e t h a n o l  b e f o r e  t h e y  were p l a c e d  i n  t h e  vacuum cham- 
b e r .  A f t e r  t h e  specimens had been p l a c e d  i n  t h e  vacuum chamber, t h e  sys tem 
was evacua ted  and baked o u t  t o  a c h i e v e  a p r e s s u r e  o f  30 nPa. Then, b o t h  
f l a t  and p i n  specimens were a rgon  i o n  s p u t t e r  c leaned  w i t h  a 3000-eV beam 

The tempera tu re  was measured w i t h  

For A1203-to-amorphous a l l o y  c o n t a c t ,  t h e  p i n  and f l a t  specimens were 

4 



. 

2 
E 
u- 
0 
U 
0 

a t  2 5  mA c u r r e n t  w i t h  an a rgon  p r e s s u r e  of 0.7 mPa. F i n a l l y ,  i n  s i t u  f r i c -  
t i o n  exper imen ts  were conduc ted  w i t h  t h e  i o n - s p u t t e r - c l e a n e d  aluminum o x i d e  
p i n  i n  c o n t a c t  w i t h  t h e  i o n - s p u t t e r - c l e a n e d  and r e s i s t a n c e - h e a t e d  amorphous 
a l l o y  f l a t  specimens i n  u l t r a h i g h  vacuum [11 ,121.  

Bo th  f l a t  and p i n  specimens were ana lyzed  by x - r a y  p h o t o e l e c t r o n  spec- 
t r o s c o p y .  The p rocedures  o f  t h e  XPS a n a l y s i s  a r e  d e s c r i b e d  i n  d e t a i l  i n  
r e f e r e n c e s  1 1  and 1 2 .  

For i n  s i t u  p u l l - o f f  f o r c e  (adhes ion )  measurements i n  vacuum, t h e  f l a t  
specimen was b r o u g h t  i n t o  c o n t a c t  w i t h  t h e  p i n  specimen by  moving t h e  m i c r o -  
meter  headscrew f o r w a r d  m a n u a l l y .  C o n t a c t  was m a i n t a i n e d  for 30 sec; t h e n  
t h e  p i n  and f l a t  specimen s u r f a c e s  were p u l l e d  a p a r t  by  moving t h e  micro- 
meter  headscrew backward. 
specimens. A t y p i c a l  f o r c e - t i m e  t r a c e  r e s u l t i n g  from such adhes ion  e x p e r i -  
ments i s  seen i n  F i g .  3 .  C o n t a c t  o c c u r s  a t  p o i n t  A .  The l i n e  A-B r e p r e -  
sen ts  t h e  r e g i o n  where t h e  l o a d  i s  b e i n g  a p p l i e d .  The d i sp lacemen t  BX 
cor responds to t h e  normal l o a d .  The l i n e  B-C r e p r e s e n t s  t h e  r e g i o n  where 
t h e  c o n t a c t  i s  m a i n t a i n e d  a t  t h e  g i v e n  l o a d  and s u r f a c e s  of t h e  specimens 
a r e  s t a t i o n a r y .  L i n e  C-D r e p r e s e n t s  t h e  r e g i o n  where b o t h  t h e  u n l o a d i n g  
and s e p a r a t i o n  f o r c e s  a r e  b e i n g  a p p l i e d  o n  t h e  adhes ion  j u n c t i o n .  A t  
p o i n t  0 t h e  o n s e t  of s e p a r a t i o n  o c c u r s .  The d i sp lacemen t  DY co r responds  
t o  t h e  p u l l - o f f  f o r c e .  A f t e r  s e p a r a t i o n  of t h e  p i n  specimen from t h e  f l a t ,  
t h e  p i n  f l u c t u a t e s  back and f o r t h ,  as r e p r e s e n t e d  by t h e  D-E r e g i o n .  

c o n t a c t  w i t h  t h e  p i n  specimen by  m a n u a l l y  moving a m ic romete r  headscrew. 
C o n t a c t  was m a i n t a i n e d  for  30 sec; t h e n  s l i d i n g  was i n i t i a t e d  by  moving t h e  
f r a t  specimen i n  a v e r t i c a l  d i r e c t i o n .  F r i c t i o n  f o r c e  was c o n t i n u o u s l y  mon- 
i t o r e d  d u r i n g  a f r i c t i o n  e x p e r i m e n t .  The s l i d i n g  v e l o c i t y  was 3 rnmlmin. 

An LVDT m o n i t o r e d  t h e  d i sp lacemen t  o f  t h e  p i n  

For i n  s i t u  f r i c t i o n  e x p e r i m e n t s ,  t h e  f l a t  specimen was b r o u g h t  i n t o  

4- 

3-  

2- D 

RESULTS AND DISCUSSION 
S i  C-to-Si C C o n t a c t  

p romote  su r face  chemica l  r e a c t i o n s .  These chemica l  r e a c t i o n s  cause p r o d u c t s  
An i n c r e a s e  i n  t h e  s u r f a c e  t e m p e r a t u r e  of a ceramic  m a t e r i a l  t ends  t o  

c 
B , c) 
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Figure 3. - Typical force-time trace. 
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t o  appear on t h e  s u r f a c e  wh lch  can a l t e r  adhes ion ,  f r i c t i o n ,  and wear (111. 
For example,  when an a s - r e c e i v e d  s i l i c o n  c a r b i d e  s u r f a c e  was p l a c e d  i n  a 
vacuum, t h e  p r i n c i p a l  con taminan ts  ( d e t e r m i n e d  by XPS) on t h e  a s - r e c e i v e d  
s i l i c o n  c a r b i d e  s u r f a c e  were adsorbed ca rbon  and oxygen, s i l i c o n  o x i d e s ,  and 
r e s i d u a l  g r a p h i t e  (11,131. When t h e  a s - r e c e i v e d  s i l i c o n  c a r b i d e  s u r f a c e  was 
hea ted  i n  a vacuum to  400 OC, t h e  adsorbed carbon con taminan ts  d i sappeared .  
I n  a d d i t i o n  t o  nomina l  s i l i c o n  c a r b i d e ,  t h e  s u r f a c e  hea ted  a t  t empera tu res  
o f  400 O C  and above c o n t a i n e d  sma l l  amounts o f  g r a p h i t e  and s i l l c o n  d i o x i d e  
on t h e  s i l i c o n  c a r b i d e  s u r f a c e .  The amount o f  s i l i c o n  d i o x i d e  p r e s e n t  on 
t h e  s i l i c o n  c a r b i d e  s u r f a c e  decreased r a p i d l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  
i n  t h e  range  o f  600 t o  800 O C .  A t  800 O C  and above, t h e  g r a p h i t e  c o n c e n t r a -  
t i o n  i n c r e a s e d  m a r k e d l y  w i t h  an i n c r e a s e  i n  tempera tu re ,  whereas t h e  s i  1 i c o n  
c a r b i d e  c o n c e n t r a t i o n  decreased r a p i d l y  i n  i n t e n s i t y  a t  t h e  s i l i c o n  c a r b i d e  
s u r f a c e .  The s u r f a c e  o f  s i l i c o n  c a r b i d e  g r a p h i t i z e s .  

F i g u r e  4 p r e s e n t s  t h e  average p u l l - o f f  f o r c e s  for t h e  s i l i c o n  c a r b i d e  
(0001) s u r f a c e s  i n  c o n t a c t  w i t h  a s i n t e r e d  p o l y c r y s t a l l i n e  s i l i c o n  c a r b i d e  
p i n  as a f u n c t i o n  o f  tempera tu re  i n  a vacuum. The average p u l l - o f f  f o r c e  
and t h e  maximum and minimum measured v a l u e s  o f  p u l l - o f f  f o r c e s  were o b t a i n e d  
from seven or more measurements. The p u l l - o f f  f o r c e  (adhes ion )  g e n e r a l l y  
remained low a t  t empera tu res  t o  400 OC. The low adhes ion  can be a s s o c i a t e d  
w i th  t h e  presence o f  t h e  con taminan ts  on  t h e  as - rece ived  f l a t  specimen s u r -  
f a c e .  A l t h o u g h  t h e  p u l l -  
o f f  f o r c e  decreased s l i g h t l y  a t  600 O C ,  i t  remained r e l a t i v e l y  h i g h  i n  t h e  
range o f  400 t o  700 OC. 
be a t t r i b u t e d  t o  t h e  absence o f  adsorbed con taminan ts  such as ca rbon .  The 
somewhat low v a l u e s  o f  p u l l - o f f  f o r c e  a t  600 "C a r e  p r o b a b l y  due t o  t h e  
a - q u a r t z  t o  & q u a r t z  t r a n s i t i o n  of s i l i c o n  d i o x i d e  a t  abou t  583 O C  (856  K )  

The p u l l - o f f  f o r c e  i n c r e a s e d  r a p i d l y  a t  400 O C .  

The r a p i d  i n c r e a s e  i n  t h e  adhes ion  a t  400 OC can 

0 AVERAGE PULL-OFF FORCES 

MAXIMUM AND MINIMUM I MEASURED PULL-OFF FORCES 
T 

TEMPERATURE, "C 

Figure 4. - Pull-off force (adhesion) as function of 
temperature for silicon carbide (0001) flat 
surfaces in contact with sintered polycrystalline 
silicon carbide pins in vacuum. 
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[141. Above 800 O C .  t h e  p u l l - o f f  f o r c e  decreased r a p i d l y  w i t h  an i n c r e a s e  
o f  tempera tu re .  
l a t e d  w i t h  t h e  g r a p h i t i z a t i o n  o f  t h e  s i l i c o n  c a r b i d e  su r face .  

F i g u r e  5 p r e s e n t s  t h e  c o e f f i c i e n t s  o f  s t a t i c  and dynamic f r i c t i o n  for 
t h e  s i l i c o n  c a r b i d e  (0001)  s u r f a c e s  i n  c o n t a c t  w i t h  s i n t e r e d  p o l y c r y s t a l l i n e  
s i l i c o n  c a r b i d e  p i n s  as a f u n c t i o n  o f  tempera tu re  i n  a vacuum. 
c o e f f i c i e n t  o f  f r i c t i o n  and t h e  maximum and minimum measured v a l u e s  o f  c o e f -  
f i c l e n t s  o f  f r i c t i o n  were o b t a i n e d  from f i v e  or more measurements. The 
s t a t l c  and dynamic f r i c t i o n  c h a r a c t e r l s t i c s  a r e  t h e  same as those  o f  adhe- 
sion p r e s e n t e d  i n  F i g .  4. The c o e f f i c i e n t  o f  s t a t i c  and dynamic f r i c t i o n  
g e n e r a l l y  remained low a t  t empera tu res  t o  400 OC. The low f r i c t i o n  i s  due 
to  t h e  presence o f  t h e  con taminan ts  on t h e  f l a t  specimen s u r f a c e ,  as men- 
t i o n e d  e a r l i e r .  The c o e f f i c i e n t s  o f  s t a t i c  and dynamic f r i c t i o n  i n c r e a s e d  
r a p i d l y  a t  400 OC, r e m a i n i n g  h i g h  i n  t h e  range o f  400 to  700 OC. The r a p i d  
i n c r e a s e  i n  t h e  s t a t i c  and dynamic f r i c t i o n  i s  r e l a t e d  to  t h e  absence of 
adsorbed con taminan ts  such as ca rbon .  The somewhat low v a l u e s  o f  c o e f f i -  
c i e n t  o f  s t a t i c  and dynamic f r i c t i o n  due t o  t h e  t r a n s i t i o n  o f  s i l i c o n  d i o x -  
i d e  a t  abou t  600 O C  a r e  a l s o  seen i n  f i g .  5 (a>  and ( b ) .  Above 800 OC t h e  
c o e f f i c i e n t  o f  s t a t i c  and dynamic f r i c t i o n  decreased r a p i d l y  w i t h  an 
i n c r e a s e  i n  t e m p e r a t u r e .  Aga in ,  t h e  r a p i d  decrease i n  f r i c t i o n  above 
800 O C  cor responded t o  t h e  g r a p h i t i z a t i o n  o f  t h e  s i l i c o n  c a r b i d e  s u r f a c e .  

The r a p i d  decrease i n  p u l l - o f f  f o r c e  above 800 O C  c o r r e -  

The average 

&Q3-to-Amorphous A l loy C o n t a c t  

Temperature e f f e c t s  ( n o t  o n l y  above the c r y s t a l l i z a t i o n  t e m p e r a t u r e  b u t  
a l s o  be low i t )  l e a d  t o  d r a s t i c  changes i n  t h e  m i c r o s t r u c t u r e  and i n  t h e  s u r -  
f a c e  c h e m i s t r y  o f  amorphous a l l o y s  as c h a r a c t e r i z e d  by  t r a n s m i s s i o n  e l e c t r o n  
m ic roscopy ,  e l e c t r o n  d i f f r a c t i o n ,  and x - ray  p h o t o e l e c t r o n  s p e c t r o s c o p y .  
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(a) Static friction. (b) Dynamic friction. 

Figure 5. - Coefficients of static and dynamic friction as functions of temperature for silicon carbide 
(0001) flat surfaces in contact with sintered polycrystalline silicon carbide pins in vacuum. 
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These changes a r e  due t o  s e g r e g a t i o n  and d i f f u s i o n  o f  c o n s t i t u e n t s ,  espe- 
c i a l l y  of m e t a l l o i d s  such as b o r o n  and s i l i c o n  [121.  Tab le  I summarizes t h e  
s u r f a c e  c o n d i t i o n s  o f  t h e  amorphous a l l o y s  ana lyzed by X P S .  G e n e r a l l y ,  t h e  
X P S  r e s u l t s  i n d i c a t e  t h a t  t h e  s u r f a c e s  o f  t h e  a s - r e c e i v e d  amorphous a l l o y s  
c o n s i s t e d  of a l a y e r  o f  o x i d e s  o f  a l l o y i n g  e lements as w e l l  as a s i m p l e  
adsorbed f i l m  of oxygen and carbon.  The argon i o n - s p u t t e r - c l e a n e d  s u r f a c e  
c o n s i s t e d  of t h e  a l l o y  and s m a l l  amounts of o x i d e s  and c a r b i d e s .  I n  a d d i t i o n  
t o  nominal  e lement  c o n s t i t u e n t s ,  t h e  s u r f a c e s  o f  67Fe-18Co-14B-lSi and 81Fe- 
13.56-3.5Si-2C a l l o y s  h e a t e d  t o  350 O C  c o n t a i n e d  b o r i c  and s i l i c o n  o x i d e s ,  
and t h e  s u r f a c e s  o f  40Fe-38Ni-4Mo-18B a l l o y s  c o n t a i n e d  b o r i c  o x i d e s  as w e l l  
as smal l  amounts of c a r b i d e s  t h a t  had segregated  and m i g r a t e d  from t h e  b u l k  
o f  t h e  a l l o y s .  The s u r f a c e  h e a t e d  t o  750 O C  c o n t a i n e d  boron n i t r i d e  t h a t  had 
a l s o  m i g r a t e d  from t h e  b u l k  o f  t h e  a l l o y s  as w e l l  as smal l  amounts o f  o x i d e s .  

Thus, i n  s i t u  e x a m i n a t i o n s  o f  t h e  s u r f a c e  c h e m i s t r y  i n  t h e  h e a t i n g  s t a g e  
g i v e  v a l u a b l e  i n f o r m a t i o n  on t h e  b e h a v i o r  o f  s u r f a c e  s e g r e g a t i o n  and decompo- 
s i t i o n .  The s e g r e g a t i o n  and m i g r a t i o n  o f  compounds such as b o r i c  o x i d e s  and 
n i t r i d e s  i n f l u e n c e  t h e  f r i c t i o n  b e h a v i o r  o f  amorphous a l l o y s .  

I n  s i t u  s l i d i n g  f r i c t i o n  e x p e r i m e n t s  were a l s o  conducted w i t h  t h e  a l u m i -  
num o x i d e  p i n  i n  c o n t a c t  w i t h  amorphous a l l o y s  i n  a vacuum a t  t e m p e r a t u r e s  
up t o  750 O C .  F r i c t i o n  f o r c e  t r a c e s  r e s u l t i n g  from such s l i d i n g  were gener -  
a l l y  c h a r a c t e r i z e d  by f l u c t u a t i n g  b e h a v i o r  w i t h  ev idence of s t i c k - s l i p  [151.  
The c o e f f i c i e n t  o f  f r i c t i o n  as a f u n c t i o n  o f  t h e  s l i d i n g  tempera ture  o f  
t h e  a l l o y  specimens i s  i n d i c a t e d  i n  F i g .  6 .  The c o e f f i c i e n t  of f r i c t i o n  
i n c r e a s e d  w i t h  i n c r e a s i n g  t e m p e r a t u r e  from room tempera ture  t o  350 O C .  The 
i n c r e a s e  i n  f r i c t i o n  i s  due t o  an i n c r e a s e  i n  t h e  adhes ion  r e s u l t i n g  from 
m i g r a t i o n  o f  b o r i c  o x i d e s  and s i l i c o n  o x i d e s  t o  the  a l l o y  s u r f a c e .  Gener- 
a l l y ,  t h e  presence o f  oxygen does s t r e n g t h e n  t h e  m e t a l - t o - o x i d e  ceramic  con- 
t a c t s  and i n c r e a s e s  t h e  f r i c t i o n  [16,171.  

r a p i d  decrease i n  f r i c t i o n  above 500 O C  c o r r e l a t e d  w e l l  w i t h  t h e  m i g r a t i o n  o f  
b o r o n  n i t r i d e  o n  t h e  a l l o y  s u r f a c e ,  as shown i n  Tab le  I .  I t  i s  a l s o  i n t e r -  
e s t i n g  t o  n o t e  t h a t  i n  F i g .  6 t h e r e  i s  a c o n s i d e r a b l e  d i f f e r e n c e  i n  t h e  f r i c -  
t i o n  measured as a r e s u l t  o f  v a r i a t i o n s  i n  a l l o y  c h e m i s t r y .  

Above 500 "C t h e  c o e f f i c i e n t  o f  f r i c t i o n  decreased d r a s t i c a l l y .  The 
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Figure 6. - Coefficient of friction as func- 

tion of temperature for aluminum oxide 
pins sliding on amorphous alloys. 

CONCLUDING REMARKS 

Based on  t h e  d e s i g n  and development o f  t h e  t o r s i o n  ba lance  adap ted  f o r  
p u l l - o f f  f o r c e  measurements and t h e  fundamental  s t u d i e s  o f  adhes ion  and 
f r i c t i o n  conduc ted  w i t h  s i l i c o n  c a r b i d e  i n  c o n t a c t  w i t h  i t s e l f  and aluminum 

. o x i d e  i n  c o n t a c t  w i t h  amorphous a l l o y s ,  t h e  f o l l o w i n g  remarks can be made. 
Even a t  e l e v a t e d  tempera tu res  i n  vacuum, t h e  t o r s i o n  ba lance  has p roven  

to be v a l u a b l e  i n  s t u d y i n g  t h e  i n t e r f a c i a l  adhes ion  p r o p e r t i e s  o f  m a t e r i a l s .  
T h i s  system can make s i m p l e  and a c c u r a t e  i n  s i t u  p u l l - o f f  f o r c e  measurements 
w i t h o u t  b e i n g  a f f e c t e d  by  g r a v i t y  and buoyancy. f o r c e s  as low as 1 )IN can 
be measured. The a c c u r a c y  o f  measur ing  p u l l - o f f  f o r c e s  does n o t  change w i t h  
t h e  s i z e  and w e i g h t  o f  t h e  specimen. 

g a i n i n g  q u a n t i t a t i v e  i n f o r m a t i o n  on i n t e r f a c i a l  bond s t r e n g t h s .  The behav- 
i o r  of  s t a t i c  and dynamic f r i c t l o n  i s  p r i m a r i l y  r e l a t e d  t o  t h a t  o f  adhes ion  
( p u l l - o f f  f o r c e ) .  

dependent on t h e  chemica l  s t r u c t u r e  o f  t h e  ceramic  s u r f a c e s  and t h a t  o f  t h e  
m a t e r i a l s  w i t h  wh ich  c o n t a c t  i s  made. 

B o t h  p u l l - o f f  f o r c e  and f r i c t i o n  f o r c e  measurements a r e  e f f e c t i v e  i n  

The c h a r a c t e r i s t i c s  o f  p u l l - o f f  f o r c e  and f r i c t i o n  f o r c e  a r e  s t r o n g l y  
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